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Abstract. We evaluate the polarization observables 7 and I for the reaction -yp — ^ tt ?7p, using a chiral 
unitary framework developed earlier. The 7'^ and 7*^ observables have been recently measured for the first 
time by the CBELSA/TAPS collaboration. The theoretical predictions of 7"^ and given for altogether 18 
angle dependent functions, are in good agreement with the measurements. Also, the asymmetry dS/d cos 6 
evaluated here agrees with the data. We show the importance of the Z\(1700) 7)33 resonance and its S-wave 
decay into r]A{1232). The result can be considered as a further confirmation of the dynamical nature of this 
resonance. At the highest energies, deviations of the predictions from the data start to become noticeable, 
which leaves room for additional processes and resonances such as a Z\(1940) We also point out how 
to further improve the calculation. 



PACS. 25.20.Lj Photoproduction reactions - 13.60.Le Meson production 
actions - 14.20.Gk Baryon resonances with S=0 



13.75.Gx Pion-baryon inter- 



1 Introduction 

The photoproduction of meson pairs is proving to be a rich 
field allowing us to widen our understanding of hadron 
dynamics and hadron structure. Following much work de- 
voted to the photoproduction of two pious in the last 
decade, both experimental [Tl[^rq|il[^R[7[[Rl|^[T(11[TTlP^[ni 
\W!lE"Wia2\ and theoretical pll[T9l[2nl[2Tl[22l[28l[24l[25l[26l 
l27,28,29], time is ripe to investigate Tr^jy photoproduction, 
which has brought us some surprises. 

TT^r; photoproduction has been studied experimentally, 
and unpolarized and differential cross sections are reported 
in Refs. |301[5T1 I5?'33, 34'. Polarization observables are re- 
ported in Refs. [31..35..36ti37] . The reaction was studied 
theoretically in Refs. ^EM\- The result of Ref. [33 was 
actually a prediction, though preliminary experimental re- 
sults from [40] were available at that time. Following this 
work, other more recent papers have tackled the problem 
theoretically based on models [H] or partial wave anal- 
ysis of the data [42ll43] . In the work of [39] the process 
turned out to be dominated at low energies by the excita- 
tion of the Z\(1700), which then decays into tjA, with the 
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A subsequently decaying into irN. Predictions of the cross 
section were made possible because the Z\(1700) happens 
to be one of the dynamically generated resonances from 
the interaction of pseudoscalar mesons with the baryons 
of the A decuplet f44IJ45| . The couplings of the resonance 
to the different channels were calculated in [IS] and these, 
together with the experimental knowledge of the decay 
of the Z\(1700) into ^N, allowed one to obtain absolute 
numbers for the cross section which agree with present 
measurements. 

In Ref. [H] the radiative decay width of the Z\(1700) 
could be predicted, because the photon coupling to 
the mesons and baryons that constitute this resonance 
are all well known. The result is in agreement with the 
phenomenologically known values |47| from data analy- 
ses which are used in Refs. j5Tl[551H5] for the 7p — > ir^rip 
reaction. In Ref. [46], also the ttN channel, that couples 
weakly to the Z\(1700) in D-wave, has been included in 
the unitary model, and a good fit to the TriV phase shifts 
could be obtained. 

The theoretical framework from Refs. [5^H5] is quite 
predictive since another one of the couplings of the Z\(1700) 
resonance is to the KE{1385) state and one can evaluate 
the total and differential cross sections for the reaction 
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Fig. 1. Tree level process from the decay of the Z\(1700) to 
77Z\(1232). This is the dominant process (for the full list of 
processes, see Ref. [39]). The complex Zi(1700) 77Z\(1232) 
coupling is a prediction within the chiral unitary framework. 




Fig. 2. Processes with A{1700)rjA and zi(1700)iCr(1385) 
couplings and tv° Sii{i]p) final states. These processes give a 
major contribution to the 7r''A''(1535) final state. 

jp — >■ K^tt'^S'^ [39], which agree with the measurements 
published in Ref. [15] . 

From the list of the underlying processes of the theo- 
retical framework of Ref. [35] , we show here only those of 
Figs.|I]and|a which involve the A{1700)t]A and A{1700)K 
17(1385) vertices predicted from the chiral unitary ampli- 
tudes [35]. These processes give the largest contributions 
to the rjA and 7r°5'ii(?7p) final states. The latter appears 
from the unitarization of the meson-baryon amplitude in 
which the Af(1535) appears dynamically generated. There 
are, however, also processes given by S'-channel resonance 
exchange taken from the jN — >■ ttttA^ Valencia model of 
Ref. [26]. Furthermore, there are contributions from KroU- 
Rudcrman and meson pole terms, contributions from the 
normal and anomalous magnetic moments of the baryons, 
and combinations of those processes. All free constants 
that appear in the model have been fixed from other pro- 
cesses, thus the results of Ref. [351 can be regarded as 
predictions. 

The model resulting from Figs. [1] and [2] is gauge invari- 
ant. This is so since the 7A^Z\(1700) coupling is obtained 
from the experimental data through an expression which 
is manifestly gauge invariant [see Eqs. (72,73) of Ref. [23]]. 
The dominance of the Z\(1700) excitation is also corrob- 
orated by recent analyses of the data 141114211431150] . The 
full model of Ref. [351 contains other terms, apart from the 
largely dominant ones of Figs. [T] [5] Some of these minor 
terms considered in Ref. |39j involve a photon coupling to 
a loop and a meson baryon scattering amplitude obtained 
using the chiral unitary approach (see for instance Fig. 7 
of [39]). It was proved in Refs. [5T][52] (see also [53]) that 
due to the series of diagrams implicit in the Bethe Salpeter 
expansion of the scattering matrix, gauge invariance of the 



model requires that the photon is coupled to particles and 
vertices in the intermediate loops and not just only to the 
last loop. 

Although formally needed for the test of gauge invari- 
ance, these terms are generally small. They vanish in the 
limit of low photon momentum, and induce corrections of 
order {pj/2Mp)'^ , which must be evaluated in each case 
if p.y is not small. In the work of [3^ they were evalu- 
ated and found to induce corrections of the order of 5% of 
the contribution of the term with the photon coupled to 
the last loop considered in Fig. 7 of [35]. Since this latter 
term represents a small correction compared to the con- 
tribution of the diagrams of Figs. [T] and [2] here, neglecting 
the gauge fixing terms of [5T[[5^ ,53 in the present case, 
corresponds to neglecting small corrections to small terms 
and which were safely disregarded in Ref. |39j and in the 
present work. 

The resulting theoretical framework also allows to cor- 
relate up to eleven different cross sections induced by pho- 
tons or pions and this work has been reported in Ref. [3H] ■ 
All these successful predictions strongly support the claim 
of the zi(1700) being a dynamically generated resonance. 
Yet, there arc more challenges for this approach, and the 
polarization observables of the 7p — n'^ijp reaction are 
some of them. The polarization asymmetry U was mea- 
sured in Ref. [31| and in the same work the approach of 
Ref. [5^ was used to describe the data. It was found there 
that the theoretical framework made the right predictions 
and that the presence of the Z\(1700) was essential for this 
success. 

The recent work of Ref. [3B] presents another challenge 
since new observables are measured, i.e, the and l'^ 
polarizations as a function of the (j)* angle between the 
decay plane and the reaction plane [cf. Fig. [3]. 

The purpose of the present work is to evaluate these 
new polarization observables, and also dS/d cos 9 mea- 
sured recently [35], in order to test the theoretical frame- 
work of Ref. [55] and hence the nature of the Z\(1700). 
As we shall see, these observables are well reproduced and 
one can see that in the absence of the Z\(1700) term in 
the amplitude the results grossly deviate from experiment, 
showing once again the essential role played by this res- 
onance in the 7p — > 7r°?7p reaction and providing further 
support for the idea of this resonance as being dynamically 
generated. 

The paper is organized as follows: In sec. [5] we present 
the formalism, followed by the presentation of our results 
in sec. [S] We end with a short summary. 



2 Formalism 

2.1 Reaction geometry 

Fig.[3]shows the geometry of the reaction 'yp — > -K^rjp. All 
quantities are defined in the overall center-of-mass (cm.) 
system. In the figure, the configuration is chosen in which 
the proton is the spectator; the two other cases of the 7r° 
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Fig. 3. Definition of the angles 
(j> and 0* (center-of-mass-frame) . 
The polarization plane (P) is de- 
fined by the photon momentum 
fc^. and the polarization vector 
e-y. Here, the photon is polarized 
in the vertical plane, e7||ej, and 
then the normal fip of the po- 
larization plane is np||ei,. The 
reaction plane (R) is defined by 
fc-y and the momentum of the 
spectator, here the recoiling (fi- 
nal state) proton with pp. The 
decay plane (D) is defined by 
the momenta of the final states, 
given by Pp and the tt" and t] 
momenta p^o and p^. The polar 
angle of the spectator/recoiling 
particle is denoted as 9p. The ini- 
tial proton is given by pin- 



and 77 being the spectator are defined analogously. The def- 
initions given here agree with those of the CBELSA/TAPS 
experiment [361154] . 



The photon momentum is in the z direction, fc-ylje^. 
Its linear polarization is chosen in the y direction, i.e. the 
polarization vector is e-y||ey. This geometry is usually re- 
ferred to as polarization in the "vertical plane" . Then, for 
the normal fip of the polarization plane P, np ||e^. 

The reaction plane R is defined by the momentum of 
the incoming photon k-y and the momentum of the specta- 
tor, here the recoiling (final state) proton with momentum 
Pp. The angle is defined as the angle between the reac- 
tion plane and the normal to the polarization plane. This 
azimuthal angle is counted in the xy plane counterclock- 
wise starting from the direction Bx- For example, for a 
spectator proton of three momentum Pp = (0, y, z) [y, z 
arbitrary), 0p = -f 90". The angles for the cases of 7r° and 
77 spectators are denoted as (p^^o and 0^ in the following. 
The normal of the reaction plane R is given by 



Pp 



X p^o 



Pr, 



\ez X Pr,\ 



,(1) 



where the index of nji indicates the spectator particle. 

The decay plane D is defined by the momenta of the 
three final state particles p, tt" , 77 which all lie in one plane 
due to momentum conservation. The normal tid of the 
decay plane D defines the orientation. 



n' 



P77O X p,j ^ ^0 _ Pp X p,, 



IPtt" X p,, 



\Pp X p,j 



IPtt" X Pp\ 



(/)* is the angle between the normals of the R and the D 
planes, unambiguously defined as 



arccos(n^ • n^) if {n]^ x n^) • p^ > 
27r — arccos(ri,^ • n^) otherwise 



(3) 



for all three cases i = p, tt", r/. Note that x and 
Pp arc parallel, because Pp lies in both the R and the 
D planes (analogously for the 7r° and rj spectator cases). 
As we will also evaluate the beam asymmetry dS/d cos 9 
measured in Ref. [3S], the polar angle dp of the spectator 
is also shown in Fig. [S] 



2.2 Monte Carlo evaluation 

In this section, the details of the Monte Carlo evalua- 
tion of the three-body phase space arc presented. With 
this method, different observables can be easily evaluated 
which would otherwise require a tedious re-parameteriza- 
tion of the amplitude for every new measured observable. 
The total energy is y/s = W. 

The total cross section of the jp — > Tr^yyp reaction in 
Ref. [33]: Eq. (47), is written as an integral over the 7r°p 
invariant mass, with one of the phase space integrals eval- 
uated in the n^p rest frame. 



■/s-nin 



dMii-K^p) 



da 



mri+M„ 



dMiinOp) 



(4) 



with 



da 



1 MpMf p^p,j 



2tt 1 



dMi{-K^p) 4(27r)5s-M2 ^ 



d(j)ri I d COS 9^ 



-1 



rfcosfii |r^p^ 



-1 



(5) 



4 



M. Doring et al.: Evaluation of the polarization observables and in the reaction — >■ -K^rip 



with Mf — Mp and p-^ the modulus of the momentum 
of the 7r° in the 7r°p rest-frame, 



(6) 



where X^/^{a^,b^,c^) = ^[a2 - (6 + c)2] [a2 - (6 - c)2] is 
the Kallcn funetion and the direction of is given by (/) 
and 6. This vector is connected to Pt^ in the jp rest-frame 
by the boost 



Mi 



1 



Ml 



Pn 



Pn 



(7) 



where 



1^ . The 7] three- momentum in Eq. ([S]) 
is in the overall cm. frame of 7p and is given by p,, = 
X'^/'^{s,Mf,ml)/{2y/^) and the two angles 9^. The^J2 
denotes the usual average and sum over the initial and the 
final states, respectively. 

The parameterization of the cross section in this way 
allows for the calculation of the 7r°p invariant mass dis- 
tribution, but not, e.g., for the other 2 cases of invariant 
masses, which would require a re-parameterization of the 
amplitude and phase space integrals. 

However, the integral can be solved by Monte Carlo 
integration which allows for a relatively easy evaluation of 
other observables. For this, it is advantageous to rewrite 
the integration over dMj in terms of dp^ by means of 



(8) 



Then, evenly distributed random events are generated for 
all five integration variables p^, (/)^, 9^^ 4>, and 9 within 
their limits given in Eq. (O (the limits of the integration 
are p^ G [0, X^/^{s, [m^ + Mpf ,ml) / {2^)]). 

A random event (j) is given by a set of these five values 

(p^/\ \ (i)''^\9^^^) and the corresponding contribu- 
tion to the phase space integral, 



1 MpMf p^p)^ 



Mi{-K°p) Lj,, I 4(27r)5 s - M2 ^ 



'■iMi{TT°p),9l^^\q)ip,9^^\^^J^) 

(9) 

where the first term in parenthesis comes from the change 
of integration from M/(7r°p) to Prj- The quantities w^, 
Mi{tt^p), and p^ can all be expressed in terms of the five 
integration variables, as previously given. 

The total cross section is evaluated with a Monte Carlo 
integral that is given by the sum over events R'^^\ mul- 
tiplied with the integration ranges for each variable, and 
divided by the number of events iV, 

TV 



N ^ 



= (27r)2 22-L Ai/2(s^TO^ + Mp,m,,) b!>^\ (10) 
2v s 



Note that for the present study, we need an event set of po- 
larized photons instead of unpolarized ones. The reaction 
amplitude can be written explicitly as = • T where 
i stands for the polarization vectors in x and y direction. 
To get the total unpolarized cross section, one sums over 
i; thus, one obtains events polarized in the y direction by 
restricting the sum to the term Ti^y. Note that a factor 
of two has to be supplied to the cross section for polar- 
ized photons (compared to the unpolarized case) from the 
average over initial states ^ of Eq. ([S]). 

With the method described above, it is now easy to 
evaluate many observables, because the only remaining 
task is to bin the random events R^^^ to the bins of the 
desired observable, and those bins can be uniquely con- 
structed from (p^/\ ^^■'^ 6'^"'\ (f>^^\9'^^'>) for each event. 

For example, for the calculation of and . N = 
4.8 • 10^ random events are binned in 16 x 16 bins for 
and 4>* . For this, the three- vectors of the p, 7r°, and r? in 
the overall cm. system are reconstructed for each event 
from the five variables and using Eq. ([7]). Then, 0^^' and 
(0*)'^' are calculated from the equations given in Sec. 12.11 
for each event. 

Finally, the binned double differential cross section for 
the bins <j)i and t/)^ is given by 



A(j)A(j)* 



j^ Ei^) f{i,3,k) ^^^^ 

3 = 1 



A(f>A(f>*N 



with the weig ht from Eq. the bin widths Z\(/) 

and Acf)* , and f{i, j, k) a function which is one if the event 
angles (f)^^^ and (t/)*)'^-') are simultaneously in the bins c/ji 
and 0^, and zero otherwise. In practice, for each event 
of the Monte Carlo run we determine the range (denoted 
the box) of (jji and 0^ where the event is generated and 
accumulate the values E^^") in the respective boxes, such 
that in one run one obtains the double differential cross 
section. 

For fixed (f>* and a fully linearly polarized beam, the (p 
differential cross section obeys the </> dependence ^51(55] 



da 

d4 



= cro[l + / sin(20) + cos{2(t>)] 



(12) 



The last step to obtain and I'-' as a function of (p* is 
to fit the differential cross section of Eq. PT|) with the 4> 
distribution given in Eq. ()12p . separately for every 0* bin. 

One has to choose the binning slightly differently to 
evaluate another observable, measured in Ref. [3S] and 
given by 



I*" = 



dE 
d cos 9 



(13) 



with 9 being the polar angle of the spectator particle (cf. 
Fig. [3]). For this, we construct a double differential cross 
section in analogy to Eq. (fTTj) . 



d'^(j{(j), cos 9) Z\2cr(0,, (cos 6*)^) 



) d cos ( 



A<j) A cos 9 



(14) 
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and fit it for fixed cos 6 with the ansatz 



W=1706 MeV 



W=1834MeV 



W=1946MeV 



da 



tS,0 



sm(2(j>) + f cos(20)] 



(15) 



and for the three cases of the p, tt'^, and rj being the spec- 
tator. 

The method described in this section has been tested 
extensively: Generating events with unpolarized photons: 

and l'^ are zero for all 0*, as must be. Also, we have 
checked the results of the Monte Carlo method with the 
rjp invariant mass distribution and the total cross section, 
that can be evaluated without the Monte Carlo method 
(cf. Eq. (45) of Ref. |3S])- In fact, in the same binning algo- 
rithm used to obtain and l'^ , the previously evaluated 
results from Refs [5^[5T] have been reproduced. 



3 Results 

The measurements of and /"^ from Ref. [36j are shown 
in Figs. m and [5] (filled circles). These polarization observ- 
ables obey the symmetries {(/)*) — —I^{27t — (j)*) and 
/C(0*) = /C(27r - (/)*) [36]. The experimental data ac- 
cording to these relations are shown with the open circles 
in Figs. 2] and O the discrepancy to the original data set 
(filled symbols) is within the statistical error estimated in 
Ref. [35]. 

The results of the present study for and are 
shown in Figs.[3]and[n]with the (red) solid linesQ, together 
with the data from Ref. [35] . At a given total energy W = 
y/s, 4.8T0^ Monte Carlo events have been binned in 16x 16 
bins for (f> and (f)* , and the quantities and I'^ have been 
obtained by fitting the (f) distributions as described in the 
previous section. The binning is clearly visible in Figs. [4] 
and [5] for which the theoretical results for the 16 </>* bins 
have been connected with piecewise straight lines. 

The agreement with the data in Figs. [4] and [5] is good 
for the two lower energies W — 1706 MeV and W — 
1834 MeV, given that the theoretical curves are predic- 
tions of the model from Refs. [351148] . For the highest en- 
ergy W ~ 1946 MeV, deviations of the prediction from 
the data start to become noticeable in I^o, and 
while and 1^ are still well predicted. This is a sign 
that at higher energies new mechanisms start to become 
important which are not considered in Refs. [3^H5] . This 
could, e.g., be a Zi(1940) D33 resonance which was needed 
in the Bonn-Gatchina partial wave analysis of the same 
reaction in Ref. [35] • Also, the ao(980)p final state, which 
is not included in the present model, can play a role at 
higher energies. It has been clearly seen at high energies 
in invariant mass distributions of the reaction j54| . 



^ Note that for the lowest energy W = 1706 MeV, the theo- 
retical total cross section is raising much faster than linear [31] , 
and the model has not been evaluated at the center of the ex- 
perimental bin at W = 1706 MeV, but at W = 1740 MeV 
which corrects for the finite experimental bin width. The value 
of = 1740 MeV has been obtained by calculating the expec- 
tation value of k-y, using the theoretical total cross section in 
the experimental bin over the energy range of 1706 ± 64 MeV. 
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Fig. 6. (Color online) Polarization observable / (cos 9) = 

-; for the three cases of p, tt°, and n spectators and for 

cos 

three different energies W = y^. The data are from Ref. |35) . 
(Red) solid lines: Present results predicted from the model 
of Refs. [39ll48j . (Black) dash-dotted lines: Only contribution 
from Fig. [T] 



To test the sensitivity of different processes to and 

, we have removed parts of the theoretical model and 
re-evaluated and I'^. From the list of processes dis- 
cussed in Ref. [39], the ones shown in Figs. [T] and [2] are of 
special interest, because they contain the non-trivial pre- 
dictions of the chiral unitary model of Ref. [IS] for the 
large, complex coupling constants of the Z\(1700) to rjA 
and 17(1385). Omitting these processes, the (black) dot- 
ted lines in Figs. H] and [S] are obtained, in gross disagree- 
ment with the data. This shows that these processes are 
indeed responsible for the cf)* dependence and the good 
agreement with the data. Note also that for the dotted 
curves, small effects of statistical noise become clearly vis- 
ible, tied to the Monte Carlo based evaluation of the phase 
space integrals discussed in the previous section. 

To test the sensitivity of the processes shown in Fig. [2] 
we have switched them off. The pertinent results arc shown 
with the (green) dashed lines in Figs. H] and [S] and turn 
out to be close to the full solution. This suggests that the 
process from Fig.[l]is dominant. The result from this pro- 
cess alone is shown with the (black) dash-dotted lines in 
Figs. H] and [5] Indeed, the data are still qualitatively de- 
scribed, although the contribution from this process alone 
tends to overshoot the (j>* dependence of the result (cf., 
e.g., atW = 1834 MeV and W = 1946 MeV). The lat- 
ter finding implies that this process, although dominant, 
requires the presence of other processes with weaker (j)* 
dependence, such as given in Fig. [5] and also by the rest 
of the contributions discussed in Ref. [35] not displayed 
here but included. Then, the full solution, that contains 
all these processes and their interferences, leads to the 
good prediction of the data. 

For completeness, also the observable = dS/d cos 9, 
recently measured [3S] by the CBELS A/TAPS collabo- 
ration, is evaluated in this study. In Ref. |35j . also data 
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Fig. 4. (Color online) Polariza- 
tion observable /^(i;/)*) for the three 
cases of p, n", and rj specta- 
tors and for three different ener- 
gies W = The data (<?!)*) 
are from Ref. [36] (full circles). 
The empty circles show —I^{2tv — 
(f)*). (Red) solid lines: Present re- 
sults, predicted from the model 
of Refs. piHg] . (Black) dotted 
lines: Without the A{nQQ)T]A and 
Z\(1700)A'r(1385) couplings pre- 
dicted from the chiral unitary 
model, i.e. without the processes 
from Figs. [T] and O (Green) 
dashed lines: Without the con- 
tributions from Fig. [S] (Black) 
dash-dotted lines: Only contribu- 
tion from Fig. [T] 
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Fig. 5. (Color online) Polariza- 
tion observable 7*^(0*) for the three 
cases of p, tt", and r] spectators. 
The data l'^ {(j)*) are from Ref. [36]. 
The empty circles show l'^ {2tv — 
(j)*). (Red) solid lines: Present re- 
sults, predicted from the model of 
Refs. [3911 48| . The other curves are 
labeled as in Fig. |4l 



on the distributions dS/dMj were provided, in general 
agreement with the measurements by the GRAAL collab- 
oration in Ref. [21] where one can also find the theoretical 
results of the present model for dS / d Mj . 

The results of the present model for [cf. Eqs. ([T31 
[T5)) ] are shown in Fig. |6| (red solid lines) . Also, the distri- 
butions for the tt" and 77 spectator cases are shown, where 
no data are provided in Ref. |35| . The distributions for 



these two cases have already been analyzed and will be 
published in the near future |55] . 

The model describes the data quite well, although at 
the highest energy, clear deviations become noticeable, 
which was also the case for and I'^ shown before. The 
contribution from the diagram of Fig. [1] alone is shown by 
the (black) dash-dotted lines. The proton spectator case 
Ip is of special interest, because unlike in the case of 
and , at the energy oiW— 1834 MeV the contribution 
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from Fig. [T] is small and the result comes mainly from 
the other processes of the model of Ref. [39l . This clearly 
shows that there are processes beyond the one of Fig. [1] 
and the binning in cos 6 is sensitive to them. 

The results for the polarization I^'^ , defined in Eq. ([T5|). 
are zero within the statistics provided by the Monte Carlo 
evaluation. This has been also found in experiment |35| . 



3.1 Systematic uncertainties 

It is of utmost importance to discuss the theoretical un- 
certainty of the results discussed so far, because only then 
one can truly speak of agreement (or disagreement) with 
the data. This is usually the hardest part of the theoreti- 
cal calculation. For the case at hand, systematic theoret- 
ical errors can only be estimated, as we discuss in what 
follows. Most interesting is the dependence on the cou- 
plings of the Z\(1700) to the ijA and A'i;(1385) channels, 
g^A = 1-7 - 1.4 i, gKS{i3S5) = 3.3 -I- 0.7 i, which are pre- 
dictions of the chiral unitary model of Ref. [IS] . 

In Ref. [15] , this model has been improved by the inclu- 
sion of the ttN channel in D-wave and a fit of the subtrac- 
tion constants to the ttN D33 phase shift of Ref. [S^ . The 
updated values of the coupling constants from Ref. [15] 
are gr,A = -2.27 - 1.89 z, <7i^i;(i385) = 3.01 + 1.95 z. We 
have evaluated the asymmetries , i*^, and at the 
energy W — 1834 MeV with these updated values. The 
result is shown in Fig. [7] with the (indigo) dash-double 
dotted lines. Although the updated couplings g are quite 
different from the original values, the asymmetries / are 
almost unchanged: For and I"^, the process of Fig.[T]is 
dominant, and the contributions to and /"^ from this 
diagram alone are independent of the value of the cou- 
pling grjA as the definition of Eq. (fT^ shows and taking 
into account that grjA factorizes in the amplitude of Fig.[TJ 
Note, however, that g^/A and gKS{i385) also appear in the 
rescattering diagrams shown in Fig. [2l but their influence 
on and l'^' is small. 

Another source of uncertainty is the coupling of the 
photon to the Z\(1700), as shown in Fig.ffl The 7ArZ\(1700) 
phototransition is given by the helicity amplitudes ^1/2 = 
0.104± 0.015 GeV-1/2 and = 0.085 ±0.022 GeV^i/^ 
at the photon point = [17]. These values trans- 
late into the couplings g'l and g'2 in the amplitude [cf. 
Eqs. (39,43) of Ref. (SHj]. As in case of the strong cou- 
pHngs g discussed above, for the process from Fig. [1] the 
asymmetries / do not depend on the overall magnitude of 
the ^NA{17QQ) coupling, but only on the ratio g'i/g2 ~ 
-0.26M^V(+0-27Afj^^) [HMj- The mentioned uncer- 
tainties in ^1/2 and ^3/2 translate into an estimated un- 
certainty of about 22% for the ratio g'i/g2- Evaluating the 
process of Fig.[T]with the ratios gi/52(l±0.22), we obtain 
the (yellow) bands shown in Fig. [T] The result with the 
unchanged ratio g'i/g2 is shown with the (black) dash- 
dotted lines. As the figures shows, the uncertainty from 
this source is well controlled. 

Summarizing, we have shown that the Z\(1700) pho- 
toexcitation with subsequent decay into r]A as shown in 



Fig. [T] is the most important contribution to and I*^; 
however, we have also seen that the asymmetries and 
I'-' from this process are insensitive to the size of the 
77VZ\(1700) and Z\(1700)r7Z\ couplings, and that system- 
atic uncertainties in these couplings are well controlled. 

3.2 Interconnections with other experiments 

One should see the present results also in perspective to 
the previously evaluated observables from Refs. [5^H51[?T] . 
In the first work of Ref. [39] , where the theoretical frame- 
work was developed, the total cross section and invariant 
masses were predicted. While at the lowest energies the 
theoretical cross section is slightly below the data [3T] , the 
overall agreement is good, in particular also for the case 
of the related reaction jp — )- tt'^ K'^ IJ~^ : the predictions for 
the differential and total cross sections have been experi- 
mentally confirmed recently in Ref. |49| . 

However, for some of the r]p invariant masses in 7p — > 
TT^rjp, deviations from the data have been observed in 
Ref. [31| . which are most probably tied to a too narrow 
A'^(1535) which also appears dynamically generated in the 
present model, based on the study of Ref. [57]. This prob- 
lem appears also in the different context of single pion pho- 
toproduction and has been recently addressed in Refs. [58] 
[55] . It was traced back to the absence of the A''(1650) 
resonance in the original model |57j which was then in- 
cluded in Ref. [55] and led to a consistent description of 
pion- and photon-induced single pion production. An up- 
grade of the present model for 7p — !■ n'^r]p with these new 
results would be desirable. 

For the other invariant masses in jp -> ti""'??, in par- 
ticular M/ (77^77), better agreement with the GRAAL ex- 
periment has been observed in Ref. [3T|. There, also the 
predictions for the beam asymmetries dS/dAIj have been 
compared to experiment and an overall agreement could 
be found. Note that the beam asymmetries S, which have 
also been measured in the CBELS A/TAPS experiment [35], 
correspond to if the dependence on 0* is integrated out, 
as has been pointed out in Refs. [551131] . 

The formalism developed in Ref. [39] has also been 
applied to other reactions in Ref. [15]. In particular, the 
predicted [15| Z\(1700) couplings to rjA, 17(1385), and 
ttA could be used to evaluate eleven different pion- and 
photon-induced reactions resulting in an overall agree- 
ment, although for some of the reactions studied, some ex- 
tra ingredients would be needed at higher energies, where 
a strong forward peaking of some differential cross sections 
becomes noticeable. 



4 Conclusions 

The theoretical predictions of , I'-^ , and in the jp — > 
TT^rjp reaction, evaluated from a chiral unitary model, agree 
well with the data recently measured at CBELSA/TAPS. 
We have shown that from the list of processes discussed 
in Ref. [35], the photon excitation of the Z\(1700) with 
subsequent S-wave decay into rjA is mainly responsible 
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Fig. 7. (Color online) Estimate of 
the systematic error of the present 
model at VK = 1834 MeV. The 
(red) solid lines show the result of 
the full model of Ref. the (in- 
digo) dash-double dotted lines the 
full model, but with the updated 
A{1700)riA and zi(1700)J!:r(1385) 
coupling constants from Ref. |46) . 
The (black) dash-dotted lines show 
the contribution from Fig. [1] The 
(yellow) bands show the uncertain- 
ties of this contributions induced 
from the experimental uncertain- 
ties of the photon coupling of the 
Z\(1700). 



for the (j>* dependence. The Zi(1700) couplings to r/A, 
KE{1385), and ttA are predictions from a chiral unitary 
model in which the Z\(1700) appears dynamically gener- 
ated from the unitarized interaction of the octet of = 
1/2^ mesons with the decuplet of = 3/2+ baryons. 
The present results provide further evidence for this con- 
cept, which had been previously tested and verified for 
other observables in 7p — >■ n'^rjp and also in ten other 
pion- and photon-induced reactions. 
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Contract No. FIS 2006-03438, the Generalitat Valenciana in 
the program Prometeo and the EU Integrated Infrastructure 
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sche Forschungsgemeinschaft, Gz: DO 1302/1-2 and SFB/TR- 
16). We would like to thank E. Gutz for providing the infor- 
mation on the definitions of the reaction geometry, useful dis- 
cussions, and a careful reading of the manuscript. 
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